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Significant  improvements  on  sintering  characteristic  and  electrical  performance  of  traditional  inter¬ 
connect  La0.7Cao.3Cr03_«5  were  presented  in  this  paper.  For  a  composite  interconnecting  ceramic 
La0.7Cao.3Cr03_5/Ce0.8Ndo.2  0i.9,  it  was  found  that  the  addition  of  Ce0.8Ndo.2Oi.g  significantly  increased 
the  electrical  conductivity  of  LaojCaojCrO^  both  in  air  and  in  hydrogen.  Among  all  the  investigated 
specimens,  LaojCaojCrO^  with  5wt%  Ceo.8Ndo.20i.g  possessed  the  maximal  electrical  conductivity. 
In  air  and  hydrogen,  the  maximal  electrical  conductivity  at  800  °C  were  55.4  S  cm-1  and  5.0  S  cm-1, 
respectively,  which  increased  significantly  as  compared  with  LaojCaojCrC^  under  the  same  conditions. 
With  the  increase  of  Ceo.sNdo^Oi.g  content  the  relative  density  increased,  reaching  97.1%  from  93.9%  of 
La0.7  Ca0.3  Cr03_5.  This  indicated  that  Ce0.8  Nd0.2  Oi.g  functioned  as  an  effective  sintering  aid  in  enhancing  the 
sinterability  of  the  powders.  The  average  coefficient  of  thermal  expansion  at  30-1000  °C  in  air  increased 
with  Ceo.8Ndo.20i.g  content.  Most  coefficients  of  thermal  expansion  of  specimens  are  compatible  with 
other  cell  components.  The  oxygen  permeation  measurement  illustrated  a  negligible  oxygen  ionic  con¬ 
duction,  indicating  it  is  still  an  electronically  conducting  ceramic.  Results  indicate  that  this  composite 
is  suitable  to  be  used  as  a  high-performance  interconnect  for  intermediate  temperature  solid  oxide  fuel 
cells. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  promising  candidates  for  many 
power  generation  schemes  from  small  systems  of  a  few  watts 
up  to  megawatt-sized  power  plants  and  have  been  considered  as 
the  premium  power  generation  devices  in  the  future.  They  have 
demonstrated  high  energy  conversion  efficiency,  high  power  den¬ 
sity,  extremely  low  pollution,  in  addition  to  flexibility  in  using 
hydrocarbon  fuel  [1].  One  of  the  recent  significant  advancements 
in  SOFC  development  is  the  reduction  of  its  operating  temperature 
from  about  1000  °C  to  the  range  of  600-800  °C  [2-7].  To  accumu¬ 
late  the  voltage  output,  multiple  cells  are  electrically  connected  into 
series  via  interconnects.  A  major  materials  challenge  in  SOFC  devel¬ 
opment  is  the  interconnect  material,  which  provides  the  conductive 
path  for  electrical  current  to  pass  between  the  electrodes  and  to 
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the  external  circuit  [8-10].  The  interconnect  material  clearly  must 
have  good  electrical  conductivity  to  minimize  ohmic  losses.  The 
interconnect  material  operates  at  high  temperatures,  therefore  it 
should  have  a  coefficient  of  thermal  expansion  (CET),  which  is  close 
to  those  of  the  other  cell  components  to  minimize  thermal  stresses. 
Other  requirements  for  interconnect  materials  include  adequate 
mechanical  strength,  low  permeability  to  oxygen  and  hydrogen,  and 
reasonable  thermal  conductivity.  In  addition,  cost-effective  man¬ 
ufacture  of  fuel  cells  requires  that  the  interconnect  materials  be 
easy  to  fabricate.  These  rigorous  requirements  eliminate  all  but 
only  a  few  oxide  systems  from  consideration  for  SOFC  interconnect. 
High-temperature  alloys  have  also  been  considered  as  interconnect 
materials,  but  can  only  be  used  for  flat-plate  SOFCs  operated  below 
850  °C. 

LaCr03 -based  perovskite  materials  have  been  widely  investi¬ 
gated  as  the  ceramic  interconnects  for  SOFCs  owing  to  their  thermal 
and  chemical  stability  and  high  electrical  conductivity  at  both 
reducing  and  oxidizing  atmospheres  [11-14].  However,  due  to  the 
strong  dependence  of  electrical  conductivity  on  the  oxygen  pres¬ 
sure,  the  electrical  conductivity  of  the  doped  LaCr03  in  the  reducing 
atmosphere  like  hydrogen  is  significantly  lower  than  that  in  the 
oxidizing  atmosphere  like  air  [15].  As  such,  a  conductivity  gradient 
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across  the  doped  LaCr03  is  established  when  it  is  utilized  as  an  inter¬ 
connect  in  a  SOFC,  considering  that  it  is  subjected  to  fuel  on  one  side 
and  oxidant  on  the  other.  Fortunately,  the  overall  conductivity  of  the 
doped  LaCr03  is  still  sufficient  for  its  use  as  long  as  the  operating 
temperature  is  above  800 °C  [9].  Flowever,  at  temperatures  below 
800  °C,  the  electrical  conductivity  of  doped  LaCr03  is  reported  to 
experience  substantial  degradation  [16].  This  limitation  renders  it 
virtually  useless  for  intermediate  temperatures  600-800  °C. 

To  improve  the  sinterability  of  doped  LaCr03,  several  methods 
have  been  adopted.  (1 )  Sintering  in  reducing  atmosphere,  followed 
by  oxidation  treatment  to  restore  its  high  electrical  conductivity. 
This  can  effectively  density  the  material  at  a  relatively  lower  tem¬ 
perature.  However,  this  method  is  high-cost  and  rather  difficult  to 
control.  (2)  Addition  of  sintering  aids.  Liquid-phase  sintering  aids 
can  effectively  encourage  densification  of  LaCr03  in  oxidizing  envi¬ 
ronments.  Sintering  aids  such  as  Bi203  and  some  fluorides  like  LaF3, 
YF3,  and  MgF2  have  been  used  to  density  LaCr03  at  relatively  lower 
temperatures  [17,18].  However,  the  main  difficulty  involving  sinter¬ 
ing  aids  is  that  they  may  migrate  to  other  cell  components,  causing 
elemental  migration  and  morphological  changes.  (3)  By  using  uni¬ 
form  and  highly  reactive  powders.  A  newly  developed  synthesis 
method  called  auto-ignition  process  can  effectively  enhance  the 
density  and  phase  purity  of  the  ceramic  materials  at  lower  temper¬ 
ature  [14,19,20]. 

The  work  reported  in  this  communication  aims  at  develop¬ 
ing  novel  interconnect  materials  with  higher  sintering  ability  and 
higher  electrical  conductivities  in  both  air  and  pure  hydrogen  at 
relatively  low  temperatures.  This  is  a  critical  step  toward  mak¬ 
ing  SOFCs  affordable  for  a  wide  variety  of  applications.  In  this 
communication,  we  report  our  recent  advance  in  preparation  and 
properties  of  LCC  (LaojCao.3Cr03_5)  with  an  addition  of  the  elec¬ 
trolyte  NDC  (Ce0.8Nd0.2Oi.g)  in  an  effort  to  significantly  reduce  the 
operating  temperature.  Sintering  behavior,  electrical  conductivities 
and  thermal  expansion  of  LCC  +  NDC  were  investigated. 

2.  Experimental  details 


at  1400  °C  for  4h.  The  heating  rate  was  fixed  at  1  °Cmin-1  before 
550  °C  and  2  °C  min-1  between  550  °C  and  1400  °C. 

2.3.  Analysis  and  characterization 

Various  phases  of  the  sintered  specimens  were  identified  by  X- 
ray  diffraction  analysis  on  a  Philips  PW  1730  diffractometer  using 
Cu  Ka  radiation.  Particle  size  and  fractured  surfaces  of  the  sin¬ 
tered  specimens  were  observed  by  scanning  electron  microscopy 
(Hitachi  X-650  and  XT30  ESEM-TMP).  The  electrical  conductivity  of 
the  materials  was  studied  from  450  °C  to  850  °C  using  a  standard 
DC  four-probe  technique  on  a  H.P.  multimeter  (Model  34401).  The 
bulk  density  of  all  the  sintered  specimens  was  measured  by  liq¬ 
uid  displacement  method  using  toluene.  The  thermal  expansion 
was  measured  at  30-1000  °C  on  cylindrical  rods  of  the  sintered 
specimens  using  a  dilatometer  (SHIMADZU50)  at  a  heating  rate 
of  5°Cmin-1.  The  oxygen  penetration  flux  was  measured  by  gas 
chromatography. 

3.  Results  and  discussion 

3.1.  XRD  phase  structure  analysis 

X-ray  diffraction  patterns  of  NDC  powders  calcined  at  650  °C  for 
2  h  and  LCC  powders  with  different  NDC  content  xwt%  (x  =  0,  3,  5, 
7  and  9)  calcined  at  1400  °C  for  4h  are  shown  in  Fig.  1.  The  XRD 
patterns  of  the  NDC  specimen  displayed  all  peaks  associated  with 
those  of  a  pure  fluorite  structure.  The  LCC  specimen  showed  a  pure 
perovskite  phase  with  an  orthorhombic  symmetry.  In  other  speci¬ 
mens,  the  NDC  content  ranged  from  3  wt%  to  9  wt%  and  the  phase 
structures  of  LCC  and  NDC  did  not  change  after  sintering  at  1400  °C 
for  4  h.  At  lower  NDC  content,  there  was  no  evident  NDC  phase  in 
the  XRD.  This  may  result  from  the  fact  that  the  NDC  dissolved  into 
LCC  structure  and  formed  one  phase  with  LCC.  However,  it  is  also 
possible  that  NDC  still  existed  in  the  form  of  a  pure  fluorite  structure 
since  XRD  commonly  has  a  detection  limit  of  ~5%. 


2.1.  The  preparation  of  powders  NDC  and  LCC 


3.2.  SEM  analysis  and  relative  density  measurements 


In  order  to  prepare  20  mol%  Nd203-doped  Ce02  powders  by  GNP 
(glycine  nitrate  process),  stoichiometric  amounts  of  Ce(N03  )3  -6H20 
(99.9%  AR)  and  neodymium  oxide  (Nd203)  (99.99%  AR)  were  dis¬ 
solved  in  nitric  acid  (all  analytical  reagents,  Sinopharm  Chemical 
Reagent  Co.,  Ltd.).  Glycine  was  added  as  the  complexing  agent  to 
the  above  solution.  The  amount  of  glycine  added  was  such  that  the 
ratio  of  total  number  of  moles  of  cations  to  that  of  glycine  was  1 : 1.2. 
After  spontaneous  ignition,  the  resultant  red-brown  ash  was  col¬ 
lected  and  calcined  in  air  at  800  °C  for  2h  to  remove  any  carbon 
residue  remained  in  the  oxide  powder. 

The  La0.7Ca0.3CrO3_(5  powders  were  synthesized  by  auto¬ 
ignition  process.  The  starting  materials,  calcium  nitrate 
(Ca(N03)2-4H20)  (99.9%  AR),  lanthanum  oxide  (La203)  (99.99% 
AR)  and  chromic  nitrate  (Cr(N03)3-6H20)  (99.9%  AR),  were  mixed 
with  three  times  as  much  citric  acid  in  distilled  water.  The  mixture 
was  then  heated  to  form  a  gel  and  the  wet  gel  was  further  heated 
to  about  120  °C  to  remove  the  solvents.  The  dried  gel  was  placed 
in  an  oven  at  650  °C.  The  combustion  reaction  took  place  within 
a  few  seconds,  forming  the  primary  powder.  The  as-synthesized 
powders  were  calcined  at  650  °C  for  2  h. 

2.2.  The  preparation  of  specimens  LCC + NDC 

The  fine  powders  with  the  composition  of  LCC  +  x  wt%NDC  (x  =  0, 

1. 3,  5,  7  and  9)  were  ball-milled  in  ethanol  medium  overnight  and 
dried  subsequently.  Small  pellets  and  rectangular  bar  specimens 
were  then  produced  by  pressing  at  360  MPa  and  sintered  in  air 


The  SEM  images  of  the  specimens  in  Fig.  2  showed  that  dense 
materials  were  fabricated  in  air  after  sintering,  indicating  that  the 
as-prepared  powders  were  sinterable.  As  shown  in  Fig.  2,  clear  grain 
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Fig.  1.  X-ray  diffraction  patterns  of  NDC  powders  calcined  at  650  °C  for  2  h  and  LCC 
powders  with  different  NDC  content  xwt%  (x  =  0,  3,  5,  7  and  9)  calcined  at  1400  °C 
for  4  h. 
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Fig.  2.  The  SEM  images  of  the  specimens  sintered  at  1400  °C  for  4  h:  panels  a,  b  and  c  show  LCC,  LCC  +  5  wt%NDC  and  LCC  +  9  wt%NDC,  respectively. 


boundaries  were  observed.  This  feature  of  the  microstructure  usu¬ 
ally  appears  in  the  dense  sintered  body.  The  average  grain  sizes 
of  the  different  specimens  ranged  from  2  pum  to  8  p>m.  Fig.  2(a) 
shows  that  the  average  grain  size  was  4  fxm  when  the  specimen 
contained  no  NDC.  When  the  NDC  content  was  5  wt%,  the  average 
grain  sizes  possessed  the  maximal  average  size  of  8  |xm  as  shown 
in  Fig.  2(b).  Instead  of  increasing  as  when  the  NDC  content  was 
ranged  from  0  wt%  to  5  wt%,  the  average  grain  size  deceased  once 
the  NDC  content  further  increased.  The  average  grain  sizes  for  the 
specimen  LCC +  9  wt%NDC  were  smaller  than  that  of  the  specimen 
with  5  wt%NDC  as  shown  in  Fig.  2(c).  Combining  with  the  XRD  phase 
structure  analysis  in  Fig.  1,  it  can  be  concluded  that  the  existence 
of  NDC  thus  restrained  the  growth  of  grains.  The  influence  of  NDC 
content  on  relative  density  of  different  specimens  is  shown  in  Fig.  3 
and  Table  1 .  With  the  increase  of  NDC  content  from  0  wt%  to  9  wt%, 
the  relative  density  increased  to  a  great  extent.  The  relative  density 
of  the  specimen  LCC  was  93.9%  when  sintered  at  1400  °C  for  4  h.  The 
addition  of  NDC  powder  into  LCC  remarkably  enhanced  the  relative 
density.  When  the  NDC  content  was  5  wt%,  the  relative  density  was 
96.5%.  Further  increasing  the  NDC  content  to  9  wt%,  the  relative  den- 


Fig.  3.  The  influence  of  NDC  content  on  relative  density  of  different  specimens. 


Table  1 

Characteristics  of  the  composite  interconnect  LCC  +  NDC. 
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Fig.  4.  Arrhenius  plots  of  the  electrical  conductivities  for  the  specimens  with  differ¬ 
ent  NDC  contents  in  air. 


sity  reached  97.1%  after  sintered  at  1400  °C  for  4h.  Therefore,  NDC 
functioned  as  an  effective  sintering  aid  in  accelerating  the  sintering 
ability  of  the  powders. 

3.3.  Electrical  conductivity 

Arrhenius  plots  of  the  electrical  conductivities  for  the  specimens 
with  different  NDC  contents  in  air  are  shown  in  Fig.  4.  It  can  be  seen 
that  the  electrical  conductivities  of  the  specimens  with  a  specific 
NDC  content  increased  with  increasing  temperature  and  reached  a 
maximum  at  850  °C.  At  each  specific  temperature  studied,  the  elec¬ 
trical  conductivities  of  the  specimens  reached  a  maximum  when 
the  specimen  contained  5  wt%  NDC  as  shown  in  Fig.  5  and  Table  1. 
Therefore,  the  specimen  with  5  wt%  NDC  possessed  the  maximum 
conductivity  of  55.4  S  cm-1  at  800  °C  under  these  experimental 
conditions  which  is  2.2  times  as  high  as  that  of  the  commonly 
used  lanthanum  chromite  La0.7Ca0.3CrO3_5  (25.3  S  cm-1  at  800  °C). 
And  it  is  note  worthy  that  even  at  500  °C,  600  °C  and  700  °C,  the 
electrical  conductivities  could  reach  39.8  S  cm-1,  45.5  S  cm-1  and 
50.3  S  cm-1 ,  respectively. 

As  shown  in  Fig.  4,  all  the  LCC  +  NDC  ceramics  displayed  lin¬ 
ear  conductivity  behavior  in  the  temperature  range  from  450  °C  to 
850  °C.  The  linear  relationship  between  In (crT)  and  1/T  indicates 
that  the  electrical  conductivity  behavior  obeys  the  small  polaron 
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Fig.  5.  Effect  of  NDC  content  on  the  electrical  conductivity  of  the  specimens  in  air 
at  different  temperatures. 
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conduction  mechanism,  as  expressed  in  the  following  equation: 


where  A  is  a  pre-exponential  factor,  k  the  Boltzmann  constant,  T 
the  absolute  temperature,  and  Ea  the  activation  energy  for  the  con¬ 
duction.  The  activation  energies  of  all  specimens  in  air  are  listed  in 
Table  1.  It  can  be  seen  that  introduction  of  NDC  into  LCC  decreased 
the  activation  energy  for  the  conduction. 

Earlier  study  [21]  on  LaCr03  indicates  that  it  is  a  p-type  con¬ 
ductor  and  electrical  conduction  occurs  by  the  small  polaron 
mechanism  via  transport  of  electron  holes.  A  number  of  articles 
[21-27]  have  addressed  the  nature  of  the  defect  chemistry  and 
electrical  conductivity  of  Ca-doped  LaCr03.  Under  high  oxygen 
activity  atmosphere,  where  oxygen  pressure  is  typically  larger  than 
10-8  atm,  the  negatively  charged  Ca'La  is  electrically  compensated 
by  Cr3+  to  Cr4+  transition  in  order  to  keep  electroneutrality.  The 
nature  of  the  electrical  conductivity  of  Ca-doped  LaCr03,  using  the 
Kroger-Vink  notion,  can  be  described  as  the  following  equation: 

[CaLal  =  [CrCrl  (2) 

where  [  ]  indicates  concentration,  Crcr*  is  Cr4+  in  3+  Cr-site.  The  elec- 
trical  transport  in  doped  LaCr03  is  dominated  by  small-polaron 
hopping  of  charge  carrier  localized  at  the  Cr  sites.  The  ionic  radii 
of  Nd3+,  Ce4+,  La3+  and  Cr3+  are  1.00  A,  0.92  A,  1.18  A  and  0.62  A, 
respectively.  As  far  as  the  ionic  radii  are  concerned,  Nd3+  and  Ce4+ 
are  prone  to  substitute  the  La3+  instead  of  the  Cr3+,  finally  resulting 
in  the  occurrence  and  increasing  of  Cr  deficiency.  Therefore,  when 
a  small  amount  of  NDC  was  added  into  LCC,  a  portion  of  Nd  and  Ce 
ions  substituted  the  La  ion  after  sintering  the  specimens  at  1400  °C 
for  4  h.  However,  as  the  increase  of  Cr  deficiency,  the  concentration 
of  Cr  vacancy  [V^r]  will  increase.  The  negatively  charged  Cr  vacancy 
might  has  the  tendency  to  attract  the  positively  charged  CrCr#  to 
keep  micro-electroneutrality,  so  that  the  small-polaron  hopping  of 
CrCr#  is  confined,  resulting  in  the  electrical  conductivity  ability  of 
the  materials  declining  when  the  NDC  content  was  more  than  5  wt% 
as  shown  in  Fig.  5  and  Table  1 .  However,  as  the  NDC  content  was  less 
than  5  wt%,  the  electrical  conductivity  increased  with  the  content. 
This  may  have  resulted  from  an  increase  in  density  of  the  composite 
materials  from  93.9%  for  x  =  0  to  96.5%  for  x  =  5. 

At  low  oxygen  activity  conditions,  such  as  in  hydrogen,  large 
amount  of  oxygen  vacancy  will  be  formed  because  of  the  escape 
of  oxygen  ion.  The  balance  between  the  defect  species  and  the 
surrounding  atmosphere  can  be  described  through  the  following 
reaction: 

0£  +  2Cr'a  ^  Io2  +  V"  +  2Cr*r  (3) 

where  V0#*  is  oxygen  vacancy  and  Cr*r  represents  Cr3+  in  3+  Cr  site. 
In  order  to  keep  electroneutrality  in  the  whole  crystal,  the  following 
equation  must  be  held: 

[Ca'J  =  2[V0]  +  [CrCr]  (4) 

This  means  that  under  reducing  conditions,  the  lattice  oxygen 
transforms  into  a  doubly  charged  oxygen  vacancy  consuming  two 
electron  holes  simultaneously.  That  is  the  reason  why  the  electrical 
conductivity  ability  of  the  material  deceases  so  sharply  from  in  air 
to  pure  hydrogen  atmosphere.  Because  the  Cr  vacancy  concentra¬ 
tion  in  the  material  increases  with  the  increase  of  the  Cr  deficiency, 
Eq.  (4)  should  be  modified  as  the  following  equation: 

[CaLa]  +  3[Vq]  =  2 [Vo  ]  +  [Cr^r]  (5) 

From  above  equation,  it  can  be  seen  that  the  concentration  of  CrCr# 
will  increase  with  the  concentration  increase  of  Cr  vacancy,  con¬ 
sequently  resulting  in  the  increase  of  the  electrical  conductivity 
ability  of  the  material  in  hydrogen.  Fig.  6  demonstrates  Arrhenius 


Fig.  6.  Arrhenius  plots  of  the  electrical  conductivities  for  the  specimens  with  differ¬ 
ent  NDC  contents  in  hydrogen. 

plots  of  the  electrical  conductivities  for  the  specimens  with  differ¬ 
ent  NDC  contents  in  hydrogen  atmosphere.  The  linear  relationship 
between  ln(crT)  and  1  /T  indicates  that  the  electrical  conductivity 
behavior  also  obeys  the  small  polaron  conduction  mechanism.  The 
activation  energies  for  the  different  specimens  are  listed  in  Table  1. 
Aside  from  the  specimen  with  9wt%  NDC,  the  activation  energies 
of  the  other  specimens  decreased  to  some  extent  compared  with 
the  specimen  without  NDC.  Fig.  7  shows  the  effect  of  NDC  content 
on  the  electrical  conductivity  of  the  specimens  in  hydrogen  at  dif¬ 
ferent  temperatures.  As  such  in  the  air,  the  electrical  conductivity 
gradually  increased  with  increasing  NDC  content  up  to  5wt%  in 
hydrogen.  Subsequently,  a  sudden  change  in  electrical  conductivity 
occurred  when  the  NDC  content  further  increased.  Probably  this 
could  be  explained  as  the  influence  of  a  small  amount  (<5%)  of  sec¬ 
ond  phases  (NDC)  showed  up  as  the  NDC  content  value  reached  up 
to  5  wt%.  With  attention  to  particulars,  at  800  °C,  the  specimen  with 
5wt%  NDC  has  a  maximum  electrical  conductivity  of  5.0  S  cm-1 
which  is  also  higher  than  that  of  the  LCC  ceramics  (3.5  S  cm-1)  as 
shown  in  Table  1.  At  500  °C,  600 °C  and  700 °C  in  hydrogen,  the 
maximal  values  of  the  electrical  conductivities  reached  3.0  S  cm-1 , 
3.9  S  cm-1  and  4.6  S  cm-1,  respectively.  These  values  are  evidently 
higher  than  those  of  LCC  under  the  same  operating  conditions.  Since 
a  value  of  1  S  cm-1  is  a  well-accepted  minimum  electrical  conduc¬ 
tivity  for  usefulness  of  interconnects  in  SOFC  community  [28],  and 


Fig.  7.  Effect  of  NDC  content  on  the  electrical  conductivity  of  the  specimens  in 
hydrogen  at  different  temperatures. 
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the  electrical  conductivities  of  all  the  specimens  with  different  NDC 
content,  ranging  from  3wt%  to  7wt%,  were  more  than  2.0  S  cm-1 
even  at  500  °C  in  hydrogen,  all  these  materials  are  suitable  to  be 
used  as  interconnect  materials  for  IT-SOFCs.  Therefore,  significant 
reduction  in  operating  temperature  will  dramatically  reduce  not 
only  the  cost  of  materials  but  also  the  cost  of  fabrication.  Besides, 
under  SOFC  operating  environments,  interconnect  must  exhibit 
excellent  electrical  conductivity  preferably  with  nearly  100%  elec¬ 
tronic  conduction.  In  an  ideal  situation,  the  ohmic  loss  due  to  the 
introduction  of  interconnect  is  noticeably  small  so  that  the  power 
density  of  a  stack  does  not  show  profound  drop  as  compared  to 
that  of  an  individual  cell.  Thus,  reducing  the  ohmic  resistances  is 
the  effective  way  of  enhancing  the  performance  of  SOFCs. 

In  summary,  the  electrical  conductivity  of  the  material  has  two 
different  mechanisms.  At  the  oxidizing  atmosphere  such  as  oxygen 
or  air  at  the  cathode,  the  conductivity  is  on  account  of  the  Cr3+  to 
Cr4+  transition  via  an  electronic  compensation  mechanism.  While  in 
the  reducing  circumstance,  such  as  in  fuel  gas  at  the  anode,  the  con¬ 
ductivity  is  obviously  retarded  owing  to  the  appearance  of  oxygen 
vacancies  via  the  ionic  compensation  mechanism. 

3.4.  Coefficient  of  thermal  expansion 

Since  SOFCs  operate  at  high  temperatures  and  endure  the 
repeated  thermal  cycles  from  room  temperature  to  the  operating 
temperature,  interconnects  must  be  thermally  compatible  with  the 
other  cell  components.  Therefore,  the  CTE  of  SOFC  interconnects 
must  be  close  to  those  of  the  other  cell  components  to  minimize 
the  thermal  stresses.  In  Fig.  8,  the  thermal  expansion  of  LCC  was 
used  as  a  control.  The  linear  CTE  of  LCC  is  11.12  x  10-6  K-1  in  the 
temperature  range  of  30-1000  °C.  With  the  increase  of  NDC  con¬ 
tent,  the  CTEs  of  specimens  increased  and  reached  the  maximum 
when  the  NDC  content  is  9wt%,  indicating  a  distinct  effect  of  NDC 
on  the  specimen’s  CTE.  Flowever,  it  can  be  seen  that  the  CTEs  of 
most  specimens  with  different  NDC  contents  (x  =  1  -5)  are  relatively 
close  and  very  much  compatible  with  other  cell  components,  such 
as  YSZ  electrolyte  (~10.5ppmK-1),  Sr  substituted  LaFe03  cath¬ 
ode  (11.9  ppm  K_1 )  and  Ni-YSZ  anode  (10.8  ppm  K-1 )  used  in  SOFC. 
Therefore,  it  would  be  possible  to  minimize  the  thermal  stress 
developed  during  the  repeated  thermal  cycles  of  SOFC  stack. 

3.5.  Oxygen  penetration  measurements 

The  interconnect  plates  for  SOFC  act  as  a  complete  gas  bar¬ 
rier  between  fuel  and  air,  therefore,  high  density  is  required  after 


Fig.  8.  The  influence  of  NDC  content  on  the  CTE  in  the  temperature  range  of 
30-1000  °C  in  air. 


sintering  at  high  temperature  for  SOFC.  Flowever,  even  if  com¬ 
pletely  dense  alkaline-earth-substituted  lanthanum  chromites  are 
obtained,  the  partial  reduction  and  oxygen  vacancies  at  the  reduc¬ 
ing  atmosphere  may  result  in  the  oxygen  permeation.  Considering 
the  changing  of  oxygen  vacancies  after  introducing  the  NDC  into 
LCC,  we  examined  the  oxygen  penetration  flux  of  the  specimens 
sintered  at  1400  °C  for  4  h  by  gas  chromatography.  The  oxygen  pres¬ 
sures  on  the  two  sides  of  pellets  were  8.61  x  10-4  atm  and  0.25  atm, 
respectively.  The  average  thickness  of  pellet  is  1.16  mm.  The  oxy¬ 
gen  permeation  flux  values  at  800  °C  are  listed  in  Table  1.  It  clearly 
shows  that  the  oxygen  permeation  flux  increased  with  the  increase 
of  NDC  content,  ranging  from  6.51  x  10-10  mol  s-1  cm-2  (LCC  with¬ 
out  NDC)  to  the  maximal  value  of  3.34  x  10-9  mols-1  cm-2  (LCC 
with  9  wt%  NDC)  at  800  °C.  Therefore,  the  efficiency  loss  of  SOFC  by 
permeation  is  negligible  for  the  general  cell  design  using  LCC  +  NDC 
as  interconnect. 

4.  Conclusions 

The  motivation  for  the  study  presented  in  this  work  was  to 
improve  the  electrical  property  and  sintering  ability  of  the  con¬ 
ventional  interconnect  La0.7Ca0.3CrO3_($  and  qualify  there  materials 
to  be  used  at  the  intermediate  temperatures.  The  addition  of 
small  amount  Ceo.8Ndo.2O19  with  fluorite  structure  significantly 
improved  the  electrical  conductivities  and  sintering  ability  of 
La0.7Ca0.3CrO3_(5.  As  for  the  specimen  La0.7Ca0.3CrO3_5  with  5  wt% 
Ceo.8Ndo.2O19,  the  electrical  conductivity  at  800  °C  in  air  reached 
55.4  S  cm-1,  which  is  2.2  times  as  high  as  that  of  the  commonly 
used  lanthanum  chromite  Lao.7Cao.3Cr03_5.  At  500  °C,  600  °C  and 
700  °C,  the  electrical  conductivities  were  39.8  S  cm-1,  45.5  S  cm-1 
and  50.3  S  cm-1 ,  respectively.  At  800  °C  in  hydrogen,  the  specimen 
with  5wt%  Ceo.8Ndo.2O19  has  the  maximum  electrical  conductiv¬ 
ity  of  5.0  S  cm-1  which  is  also  higher  than  that  of  La0.7Ca0.3CrO3_5. 
At  500  °C,  600  °C  and  700  °C,  the  maximal  values  of  the  electri¬ 
cal  conductivities  reached  3.0  S  cm-1,  3.9  S  cm-1  and  4.6  S  cm-1, 
respectively.  Most  CTEs  of  specimens  with  different  Ce0.8Nd0.2Oi9 
content  (l-5wt%)  were  compatible  with  other  cell  components. 
The  addition  of  Ceo.sNdo.2O19  increased  the  oxygen  permeation 
ability;  however,  the  values  were  still  negligible  for  the  general 
cell  design.  In  summary,  this  materials  system  exhibited  excellent 
electrical  performance,  very  small  oxygen  permeation  ability,  high 
relative  density,  and  matched  thermal  expansion  with  other  cell 
components.  These  characteristics,  especially  the  improved  electri¬ 
cal  conductivities  in  air  and  hydrogen  as  well  as  the  sintering  ability 
will  enable  the  composite  materials  suitable  as  a  high-performance 
interconnect  for  IT-SOFC. 
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